Abstract: We demonstrate novel, azimuthally periodic microcavities with core attachments. Radiative coupling between degenerate modes leads to imaginary frequency (Q) splitting and a scatterer avoiding high-Q supermode field with measured Q's up to 258,000.
Introduction
Microcavities with attachments have important applications in integrated photonics. Ridge waveguides extend a flange of the core into the cladding, permitting electrical contacts and good optical confinement to enable electro-optics modulators [1] . Suspended microcavities relying on pedestals [2] or inner spokes [3] for mechanical support have been used in optomechanics. Many of these approaches have limitations: ridge waveguides require a partial etch step, not available for example in standard CMOS processes nor suitable for suspended structures. Pedestal and inner-spoke cavities either rely on disk-like whispering gallery modes and provide limited degrees of freedom for mechanical design, or have external contacts [1, 4] at the expense of substantial degradation in Q factor due to scattering.
Recently an approach has been proposed to design multimode linear waveguides and resonators with periodic attachments that support modes whose fields avoid those attachments so as to maintain low propagation loss [5] . High-Q resonators based on linear, periodically contacted waveguides that support low-loss "wiggler modes" were recently demonstrated [6] . However, these cavities are large and require non-adiabatic tapers for single-mode to wiggler-mode transitions that may limit their loss Q.
In this paper, we propose and demonstrate azimuthally periodic, contacted ring microcavities comprising a multimode microring waveguide with periodic attachments (Fig. 1a) . The attachments act as perturbations that lead to a radiative (not the normal, reactive) coupling that splits the first and second fundamental transverse eigenmodes of the ring in imaginary frequency. This results in one supermode with a field whose spatial distribution avoids the scattering attachments that contact the core, preserving a high Q (Fig. 1b) . This concept has many applications, allowing electrically and thermally contacted or mechanically suspended resonators with great freedom in contact geometry and reasonably high optical Q. We experimentally demonstrate silicon-core ring microcavities with N = 6 contacts to the core at the outer radius, and show a low-loss resonant supermode with a Q above 250,000. . A superposition of these modes, which form a low-loss supermode under the scattering perturbation, has a vanishing field intensity at the contact points. 
Design Approach
The microcavity is designed in the 220 nm-thick silicon device layer of typical custom silicon-on-insulator (SOI) wafers for photonics. The dimensions of the ring cavity are chosen to align, at particular longitudinal orders, the resonant frequencies of modes belonging respectively to two transverse eigenmode families (first-and second-order) in an unperturbed multimode ring. This requires a choice of particular combinations of radius and width of the ring cavity. Figure 2a plots the azimuthal mode numbers of the first-order transverse mode (γ 1 , blue lines), and the difference between azimuthal mode numbers (γ 1 − γ 2 , red lines) of the first and second transverse modes. At crossing points of the red and blue contours, γ 1 and γ 2 are integers and both transverse modes are resonant at the design wavelength of 1550 nm. Bending loss further restricts the dimensions at which high-Q modes can be obtained. Requiring high-Q initial (uncoupled) modes limits the design space to the upper right part of Fig. 2a . The orange marker shows an example design, with γ 1 = 32, γ 2 = 26, and the bend-loss Q of the second mode without attachments just above 10 6 .
An azimuthally periodic array of contacts is then introduced, with periodicity equal to the beat length between the two degenerate modes -the number of attachment periods is equal to the difference in azimuthal orders of the two modes (N = γ 1 − γ 2 = 6). These attachments force the resonator into radiative splitting along the imaginary axis on the complex frequency plane (Fig. 2b, left) . This is in contrast to direct (which we'll call reactive) coupling of resonators, which leads to real frequency splitting (Fig. 2b, right) . The imaginary splitting leads to a high-Q supermode whose field distribution spatially avoids the scattering contacts (Fig. 2c, left) , and a complementary low-Q supermode whose field distribution has strong overlap with the contacts (Fig. 2c, right) . Figure 3a shows an optical micrograph of a fabricated device with N = 6 contacts attached to the outer wall of the resonator. An array of devices was designed around the optimum parameters to account for fabrication variations and to show that a particular combination of radius and width is required for high-Q operation. The best-performing device was designed with a target outer radius of 3.89 µm, (multimode) ring cross-section of 990 × 220 nm, and contact width of 100 nm. For this device, Fig. 3b shows the highest measured Q factor of 258, 000. The observed resonance doublet is a result of the typical splitting of high-Q traveling-wave modes due to contra-directional coupling (note that here four modes are near-degenerate). In this case, a lack of azimuthal invariance of the structure contributes enhanced contra-directional coupling. While the highest observed Q was 258k, many devices with a loss Q over 100k were measured.
Experimental Results
Evidence that the thin contacts visible in Fig. 3a are not inconsequential, i.e. that our design approach is necessary to obtain high Q, is provided in Fig. 3c . The figure shows drop-port spectra of representative devices with a fixed waveguide-cavity coupling gap (250 nm) and radius (R center = 3.4 µm), while the width is linearly varied (see Fig. 3c ).
The resonances red-shift with increased width due to increase in effective index. However, the transmission and the Q increase (linewidth decreases) as one approaches the center device from either side. These both confirm that the highest loss Q is in the central device, as the waveguide coupling is broadband and does not contribute to variation in insertion loss from one resonance to the next. In addition, these spectra show very broad, low transmission resonances interspersed between the high Q ones (e.g. see broad resonances in Fig. 3c, inset) . These resonances represent the complementary, low-Q resonant supermodes that result from the imaginary frequency splitting. The resonant modes produced here via imaginary frequency splitting due to scatterers have a close connection to modes similarly generated via interferometric coupling to the bus waveguide in previous slow light cell [7] and optomechanical trapping [8] structures.
